The recombinant expression of cytochrome P450 enzymes involved in drug metabolism is of interest to the pharmaceutical and biotechnological industries due to the versatile catalytic properties of these enzymes. Accurate quantification of cytochrome P450 enzymes expressed in bacterial culture generally depends on disruption and fractionation of cells to prepare membranes for spectral analysis. Although whole-cell methods for spectral determination have been reported, problems with poor reproducibility and low signal-to-noise ratio confound the use of such techniques where P450 hemoprotein expression levels are relatively low, such as in cultures of certain mammalian forms. In particular, interference from bacterial hemoproteins often obscures the P450 peak. In the current study, the combination of culture concentration, incubation under microaerobic conditions, and a modified method of baseline correction enabled reproducible quantification of cytochrome P450s in whole cells. This whole-cell method is well suited to high-throughput application, as large sets or libraries of enzymes can be expressed in parallel and relative expression levels measured without downstream cell processing. (Journal of Biomolecular Screening 2008:135-141) Johnston et al. 138 www.sbsonline.org Journal of Biomolecular Screening 13(2); 2008 FIG. 2. Triplicate P450 spectra from dilution (20:80 vol/vol) of a representative microaerobic Escherichia coli DH5αF′IQ culture coexpressing P450 1A2 and human NADPH-cytochrome P450 reductase (hNPR), diluted in an aerobic E. coli DH5αF′IQ culture expressing only hNPR. Dotted lines represent baseline correction at 438 to 470 nm. Journal of Biomolecular Screening 13(2); 2008 www.sbsonline.org 139 FIG. 3. Comparison of (A) microaerobic and (B) aerobic cultures for the coexpression of P450 2A6 with human NADPH-cytochrome P450 reductase (hNPR) in Escherichia coli DH5αF′IQ at 25 °C. Induction was initiated at 5 h, and cells were harvested at 24, 48, and 72 h. Cells were concentrated 4-fold in resuspension buffer prior to spectral analysis. Johnston et al. 140 www.sbsonline.org Journal of Biomolecular Screening 13(2); 2008 FIG. 4. Indicated (apparent, measured) versus actual P450 concentrations for various dilutions of microaerobic Escherichia coli DH5αF′IQ cultures coexpressing P450 1A2 and human NADPH-cytochrome P450 reductase (hNPR) into aerobic cultures expressing only hNPR. Both cell suspensions were used at an OD 600 = 10.4. (A) P450 determined from ΔA (450-490) , and (B) P450 concentration determined by baseline correction (438-470 nm). The dotted line represents the optimal measurement curve (i.e., in which the measured P450 equals the actual P450). The spectra from which the data in (A) and (B) were derived are presented in (C). The annotated numbers (0.0 to 1.0) represent the volumetric fraction of microaerobic (P450 1A2-containing) culture in aerobic (hNPR-only) culture.
INTRODUCTION
T HE CYTOCHROME P450 ENZYMES (P450s) involved in mammalian drug metabolism are catalysts of exceptional versatility and substrate diversity. The recombinant expression of these enzymes in bacteria is of interest to the pharmaceutical and biotechnological industries for drug development and discovery, the synthesis of fine chemicals, and various other applications. P450s are typically quantified by Fe(II).CO versus Fe(II) difference spectroscopy, taking advantage of the tight binding of carbon monoxide (CO) to the enzyme's reduced heme center, which yields a characteristic peak at 450 nm. This peak is used to measure the enzyme concentration via an extinction coefficient that incorporates a term for both the difference and the baseline spectrum. 1 Expression of mammalian P450s in Escherichia coli is well established and provides the basis of many current studies to characterize these enzymes. 2 However, quantification of P450s generally relies on extraction of the inner cell membranes to which the expressed enzymes are attached. 3 Spectral analysis of intact bacteria expressing P450s has been previously shown to yield spectra qualitatively similar to those obtained with membranes, 4 and high-throughput methods for P450 measurement have been reported. 5 However, for accurate high-throughput determination of P450 levels in whole cells, it is necessary to demonstrate that P450 peak size varies linearly with enzyme and cell loading. These requirements can be difficult to satisfy in cultures expressing relatively low levels of P450s, due to limited sensitivity and reproducibility caused by background light scattering by the cells and interference from endogenous bacterial proteins.
High-throughput quantification of P450 levels in whole cells provides a distinct advantage for P450 research, particularly when screening large libraries of mutant P450s. In this article, a method is reported that facilitates accurate high-throughput quantification of low P450 levels in whole cells, and the basis for the procedural changes required for making such measurements is discussed.
MATERIALS AND METHODS

P450 expression plasmids and strain
Bicistronic bacterial expression plasmids encoding the human forms P450 1A1, P450 1A2, and P450 2A6 (designated pCW′/ P450/hNPR) were prepared as reported previously. 6 The chaperone expression vector (pGro7) was obtained as a generous gift from Professor K. Nishihara (HSP Research Institute, Kyoto, Japan). 7 The Escherichia coli strain DH5αF′IQ used in expression trials was obtained from Invitrogen (Mulgrave, Australia).
Culture methods and media
Cells were grown in 24-well plates in a small-radius (6-mm) rotary incubator. Unless stated otherwise, bacteria were grown at 25 °C, 400-rpm shaking, in 1 mL modified TB medium/well. 8 Starter cultures (5 mL LB medium in 25-mL flasks) were inoculated from freshly transformed colonies or from frozen glycerol stocks 24 h prior to expression. These starter cultures were used to inoculate expression cultures in 24-well plates at time 0 h. Isopropyl-beta-D-thiogalactopyranoside (1 mM), δ-aminolevulinic acid (0.5 mM), and arabinose (4 g/L) were added to initiate induction at 5 h. For microaerobic expression cultures, polyurethane membranes (Breathe-Easy, Diversified Biotech, Boston) were used to seal plates after induction at 5 h. For aerobic conditions, cultures were covered with the loose plate lids only.
After harvest, cultures were centrifuged at 3000 g and 4 °C for 10 min to sediment cells in the original 24-well plates. The supernatants were aspirated and the cells resuspended in whole-cell assay buffer (WCAB; 100 mM phosphate buffer, 6 mM Mg acetate, 10 mM dextrose [pH 7.4]) at various cell densities. Optical density at 600 nm (OD 600 ) was measured for the resuspended cells (Spectramax M2 plate reader, Molecular Devices Corporation, Sunnyvale, CA; 200 μL/well). Some media evaporation occurred during growth; hence, final well biomass OD 600 was calculated corresponding to the initial well fill volume of 1 mL.
Spectral analysis
Whole-cell spectra were measured in a Spectramax M2 plate reader (Molecular Devices Corporation) according to the method presented by Otey 5 with modifications. As the plate reader is a single-beam system, it was necessary to conduct sequential scans on reduced cultures before and after CO equilibration. Specifically, 200 μL of WCAB-resuspended cultures were transferred into flat-bottom 96-well plates, and 20 μL of a freshly prepared 50-mg/mL stock of sodium dithionite were added to each well prior to the initial scan. Cultures were mixed in the plate reader for 10 s and then scanned at 400 to 500 nm at 2-nm intervals to record the reduced P450 spectra. Cultures were then subjected to a 100% CO atmosphere for 2 min in a gas-tight box before the second scan to record the reduced, CO-bound P450 spectra. The time that cultures were in contact with the dithionite prior to the final CO-equilibrated scan varied between 10 and 30 min depending on the number of samples being analyzed in a single 96-well plate.
RESULTS AND DISCUSSION
Accurate and efficient measurement of low whole-cell P450 concentrations in E. coli is useful for 2 main reasons. First, P450 yields measured in membranes are affected by losses incurred during subcellular fractionation. Second, elimination of the fractionation step reduces the time and resources required for high-throughput screening of large P450 expression libraries. However, for such measurements to be accurate, they must be proportional to enzyme (and cell) loading, not biased by endogenous cell components, and show good reproducibility and precision across replicates. Finally, measurement should be feasible using instruments designed for highthroughput spectral analysis, and the data should be amenable to automated analysis. In the current work, this was enabled by changes to methods used for culture (microaerobic vs. aerobic culture) and analysis (reproducibility of mixing, sample concentration, and baseline correction).
Mixing is important for reproducibility in whole-cell spectral assays
The conventional horizontal beam spectrophotometer has a distinct disadvantage over a vertical beam plate reader for whole-cell spectral scans; cells will rapidly sediment at right angles to the beam. Unless mixing is carefully matched for both the cuvettes in a dual-cuvette/beam assay, 4 the resulting difference spectrum will be distorted by culture density differences between the 2 cuvettes. In initial studies on whole-cell spectra with a dual-beam cuvette spectrophotometer, extreme care was necessary to match mixing intensity and duration between the cuvettes immediately prior to spectral analysis to obtain reproducible results (data not shown). It is less critical to ensure identical mixing for a vertical beam plate reader as cells sediment in the same direction as the beam, and hence the number of cells observed in the optical window does not alter. However, it was still essential to mix plates via the internal plate shaker for at least 10 s prior to each reading and to ensure cells were fully resuspended in WCAB prior to transfer into the 96-well plate.
High cell concentrations are advantageous for whole-cell P450 measurement
Conventional spectrophotometers generally specify linearity to greater than 1.0 absorbance units. However, cell density readings (optical density) are based on cell particulate light scattering and become nonlinear at around 0.5 absorbance units. This is because light is not absorbed but scattered, and increasing cell density tends to rescatter light back into the detector in a nonlinear manner that is dependent on the individual optics employed. 9 The challenge presented by P450 spectral measurement is to measure a small linear signal (absorbance of the reduced, CObound enzyme) above that of a large nonlinear background (bulk cellular light scattering). Concentrating the cells to significantly greater densities than that present at harvest means that linear increases in the P450 signal can be achieved with only small increases in background light scattering (which is already effectively saturated). For this reason, concentrated cultures (2 × harvest, OD ≈14) have been previously suggested for qualitative determination of whole-cell P450 spectra. 4 To test the effect of cell concentration on whole-cell P450 spectral properties, we cultured E. coli coexpressing P450 2A6 and human NADPH-cytochrome P450 reductase (hNPR) for 48 h in 24-well plates. Triplicate CO-reduced versus reduceddifference spectra were recorded after resuspension in WCAB to OD 600 values ranging from 7.6 (harvest biomass concentration) to 46 (6 times concentrated; Fig. 1A, B) . Figure 1 shows the improvement in the quality of the P450 spectrum and measurement precision obtained from a 6-fold increase in cell . The linearity of P450 peak size in CO-reduced versus reduced-difference spectra with increasing cell biomass is presented in (C). Main plot: P450 peak determined as ΔA (450-490) . Inset plot: baseline for P450 peak determined using an alternative baseline (438-470 nm) chosen to optimize precision. density, leading to improved reproducibility and sensitivity of the assay. A critical requirement for quantification of P450 from whole-cell spectra is that the measured specific P450 content should be independent of the cell concentration used-that is, increases in the P450 peak size should be proportional to increases in the (P450-expressing) biomass. Figure 1C (main plot) shows that P450 2A6 peak size is approximately linear up to the maximum cell density employed (OD 600 = 46). However, a high level of measurement error between replicates is apparent at all biomass concentrations and is especially significant at low biomass concentrations.
Traditionally, 490 nm is used as a reference wavelength for calculation of P450 concentrations. To improve quantification of the P450 peak in whole-cell spectra, a modified baseline was drawn for each scan, based on spectral intercepts before (438 nm) and after (470 nm) the P450 peak. An example of this empirical correction is given in Figure 2 . Derivation and validation of this correction is discussed in detail below. However, application of the correction led to improved linearity for the biomass loading analysis and improved precision, especially for lower biomass samples (Fig. 1C, inset plot) . Using the original calculation of P450 based on the absorbance difference at 450 nm and 490 nm (ΔA (450-490 nm) ), the error in P450 determination was determined to be 14.5% coefficient of variation (CV) at OD 600 = 46 and 52.7% CV at OD 600 = 7.6 (n = 5). Incorporating the (438-to 470-nm) baseline correction reduced the error to 4.2% CV at OD 600 = 46 and 16.9% CV at OD 600 = 7.6 (n = 5).
Microaerobic culture of P450 variants improves expression yield and sensitivity of P450 detection
Generally, oxygen tension is maximized in recombinant E. coli culture to increase biomass and therefore expression yield.
However, it has been demonstrated in bioreactor studies that control of oxygen tension at limiting values (0-to 0.1-ppm range) is optimal for bicistronic P450 expression in E. coli. 10, 11 Similarly, in the current study, limiting oxygen tension in P450 plate expression cultures using polyurethane membranes led to increases in total and specific culture P450 content for the forms examined (P450s 1A2 and 2A6). Although these membranes are designed to allow oxygen ingress (while preventing cross-contamination), they provide a significant culture oxygen limitation as indirectly observed in a decreased biomass accumulation (e.g., OD 600 = 24 [aerobic] vs. OD 600 = 7.2 [microaerobic] for P450 1A2 at 72-h harvest).
To compare spectra between aeration conditions, cells coexpressing P450 2A6 and hNPR were cultured in 24-well plates, under microaerobic (sealed with polyurethane membranes) and aerobic (under loose plate lid only) conditions. Harvest, resuspension of cells in WCAB, and spectral analysis were performed at 24, 48, and 72 h. Maximum P450 peaks were evident at 48 h for aerobic cultures and 72 h for microaerobic cultures (Fig. 3) . A clear advantage in total P450 yield was seen for the microaerobic cultures, with the aerobic cultures exhibiting effectively undetectable P450 peaks and a large interfering peak at approximately 418 nm (Fig. 3B) . The ≈418-nm peak is not due to denatured P450 (i.e., P420), as it occurs in aerobic E. coli cultures lacking the P450 expression vector (data not shown). Instead, this peak represents endogenous terminal oxidases involved in respiration such as cytochrome bo (Soret peak at 419 nm 12 ) and cytochrome bd (Soret peak at 417 nm 13 ). Both peaks have pronounced troughs at approximately 430 nm on CO difference spectra, which reduce the apparent P450 peak. Unwanted interference from the terminal oxidase peaks can be largely eliminated via microaerobic culture (e.g., for P450 2A6 in Fig. 3A) because endogenous terminal oxidases are down-regulated in response to oxygen limitation. 14 An additional desired effect of microaerobic culture is seen on total P450 expression; under oxygen limitation, the cells expressed greater absolute P450 levels (Fig. 3) . The increase in specific P450 content (P450 yield per unit biomass) for microaerobic versus aerobic culture is particularly large, as the biomass concentration in the microaerobic cultures was less than half that in aerobic cultures at 72 h (OD 600 = 6.8 vs. OD 600 = 25). A similar tendency to express greater levels of total P450 under microaerobic conditions was seen for P450 1A2 in the current study, and P450 1A1 could not be detected at all except under microaerobic conditions (data not shown). However, we cannot extrapolate this finding to all mammalian P450s, as productivity differences between microaerobic and aerobic culture may vary with subfamily, harvest time, and other culture conditions and should be investigated for individual forms.
Correction of baseline in automated P450 measurements
To provide suitable data for validation of baseline correction in analysis of P450 spectra and also to demonstrate linearity of P450 detection at a constant biomass level, we diluted resuspensions of P450-containing cells in increasing volumes of cells from aerobic cultures of bacteria not expressing any P450. Such resuspensions provided a series of samples with a linear reduction of P450 level at a constant overall biomass concentration but with a concomitantly increasing level of interfering E. coli terminal oxidases. Hence, this data set represents a range of P450 and terminal oxidase concentrations applicable to both aerobic and microaerobic P450 screening data. Specifically, microaerobically grown CYP1A2-and hNPR-expressing cells were first resuspended in WCAB and then diluted with aerobically grown hNPR-expressing cells at ratios from 0:1 to 1:0, using the same biomass concentrations (OD 600 = 10.4). Whole-cell CO.Fe(II) versus Fe(II) difference spectra were obtained in triplicate on each dilution. For validation purposes, actual P450 concentrations in dilutions were calculated from the P450 concentration measured in the 100% microaerobic P450 1A2 culture according to conventional methods, 15 as the mean (n = 3) ΔA (450-490) divided by the path length (0.49 cm) and extinction coefficient (0.091 cm -1 mM -1 ).
The standard curve of measured versus actual P450 concentration calculated with the conventional baseline correction at 490 nm (Fig. 4A) shows an apparent underestimation of the P450 concentration when the P450 peak size is small in relation to the ≈418-nm terminal oxidase peak (i.e., at the start of the curve). P450 levels may even appear negative due to interference from the terminal oxidase peak, which is a significant problem for the quantification of low P450 concentrations in aerobic cultures.
To improve P450 quantification, we applied a novel baseline correction by computing a new baseline from spectral intercepts chosen flanking the P450 peak as noted above (Fig. 2) . The longer wavelength spectral intercept was chosen at 470 nm to just follow the end of the P450 peak in the current data set. Placement of the shorter wavelength baseline intercept is more critical because it lies in the region where the trough of the ≈418-nm terminal oxidase peak interferes with the P450 peak determination. After an examination of all possible spectral intercepts in the 430-to 440-nm range, 438 nm was found to yield the most linear standard curve with the closest match of measured versus actual P450 concentration for the data set used (Fig. 4B) .
Correcting the baseline of P450 Fe(II).CO versus Fe(II) difference spectra both reduces the interference of endogenous terminal oxidases on P450 measurement when aerobic culture is used ( Fig. 4) and improves general reproducibility between replicate determinations (Figs. 1C and 4) . The improvement in general reproducibility is clear in Figure 2 , which shows typical triplicate Fe(II).CO versus Fe(II) difference spectra obtained from a single P450-expressing culture. A distortion of the spectra, attributed to minor, unavoidable mixing differences between the initial (minus-CO) and final (plus-CO) measurements on the microplate reader, distorts the baseline between replicate spectra. This causes a large error in measurement, which can be compensated by the baseline correction.
It is recommended that baseline correction be applied to automated, high-throughput determination of whole-cell P450 in both aerobic and microaerobic cultures. Suitable placement of the low intercept (438 nm) for baseline correction is far more critical in interpreting spectra from aerobic cultures, where the trough from the terminal oxidase peak interferes with determination of the P450 peak. It should be noted that the empirical baseline correction (438-470 nm) suggested has been optimized for the specific dilution data set used (i.e., CYP1A2 cultures with maximal P450 level ≈350 nM), and it may be usefully revised for other applications. For microaerobic cultures where there is little terminal oxidase peak present, the initial intercept value can be decreased to ensure capture of the entire P450 peak. However, for larger P450 peaks, it may be necessary to extend the final intercept (470 nm) to capture all of the P450 peak (although at the expense of precision between replicates).
SUMMARY AND CONCLUSION
The combination of microaerobic culture, concentration, rigorous mixing of cultures and optimized baseline correction allows reproducible quantification of whole-cell spectra in a high-throughput format. This method is currently being used for rapid determination of P450 expression levels in P450 mutant libraries made by DNA shuffling and also for optimization of culture conditions for microplate expression of P450s. This offers the possibility of rapid optimization of P450 culture with respect to parameters such as harvest time, temperature, oxygen tension, and pH for individual P450 variants and clones. The method is also suitable for offline but real-time monitoring of bioreactor P450 expression.
